The Rho small G protein family consists of the Rho, Rac, and Cdc42 subfamilies and regulates various cell functions through reorganization of the actin cytoskeleton. We previously showed that the Rho subfamily regulates the formation of stress ®bers and focal adhesions whereas the Rac subfamily regulates the Ecadherin-based cell-cell adhesion in MDCK cells. We studied here the function of the Cdc42 subfamily, consisting of two members, Cdc42Hs and G25k, in cell adhesion, migration, and morphology of MDCK cells. For this purpose, we made and used MDCK cell lines stably expressing each of dominant active mutants of Cdc42Hs (sMDCK-Cdc42HsDA) and G25K (sMDCK-G25KDA). Actin ®laments at the cell-cell adhesion sites increased in both sMDCK-Cdc42HsDA and -G25KDA cells. Both E-cadherin and b-catenin, adherens junctional proteins, at the cell-cell adhesion sites also increased in both sMDCK-Cdc42HsDA and -G25KDA cells. Electron microscopic analysis revealed that sMDCKCdc42HsDA cells tightly contacted with each other throughout the lateral membranes. Moreover, both the HGF-and TPA-induced disruption of the cadherin-based cell-cell adhesion and the subsequent cell migration were inhibited in both sMDCK-Cdc42HsDA and -G25KDA cells. Co-expression of the dominant negative mutant of Rac1, a member of the Rac subfamily, with the dominant active mutant of Cdc42Hs did not inhibit the increased accumulation of actin ®laments at the cell-cell adhesion sites. These results suggest that the Cdc42 subfamily is involved in the cadherin-based cell-cell adhesion in a manner independent of the Rac subfamily. Furthermore, the cells were frequently enveloped by the large multinuclear cells in both sMDCK-Cdc42HsDA and -G25KDA cells. Video microscopic analysis revealed that the cells were engulfed by the large cells during cytokinesis.
Introduction
In epithelial and endothelial cells, they adhere to each other to form cell-cell junctions, including tight junction, adherens junction, desmosome, and gap junction, and adhere to matrix to form cell-matrix junction. At cell-cell junctions, adherens junction plays particularly an important role in the sense that the formation of other cell junctions are dependent on the formation of adherens junction (for reviews, see Geiger and Ginsberg, 1991; Tsukita et al., 1992; Takeichi, 1995) . At adherens junction, cadherins interact with each other at the extracellular surface and serve as adhesion molecules (for reviews, see Geiger and Ginsberg, 1991; Tsukita et al., 1992; Takeichi, 1995) . Cadherins indirectly interact at the cytoplasmic region with the actin cytoskeleton through many peripheral membrane proteins, including a-, b-, and g-catenins, p120, a-actinin, vinculin, neurabin, and afadin (Vestweber and Kemler, 1984; Peyrieras et al., 1985; Ozawa et al., 1989; Shibamoto et al., 1995; Nakanishi et al., 1997; Mandai et al., 1997) . Tight junction also plays an important role in the formation of cell polarity and barrier (for reviews, see Schneeberger and Lynch, 1992; Gumbiner, 1993; Anderson and Van Itallie, 1995) . Claudin and occludin, transmembrane proteins that interact with each other at the extracellular surface, play important roles in the formation of tight junction (Furuse et al., 1994 (Furuse et al., , 1998 . Several peripheral membrane proteins, including ZO-1, ZO-2, cingulin, the 7H6 antigen, Rab13 small G protein, and symplekin, are localized at tight junction (Citi et al., 1988; Woods and Bryant, 1993; Zhong et al., 1993; Jesaitis and Goodenough, 1994; Zahraoui et al., 1994; Keon et al., 1996) . At cell-matrix junction, integrins interact with matrix proteins at the extracellular surface and indirectly interact at the cytoplasmic region with the actin cytoskeleton through many peripheral membrane proteins, including talin, tensin, vinculin, focal adhesion kinase, paxillin, a-actinin, and nexilin (Wilkins et al., 1986; Turner et al., 1990; Schaller et al., 1992; Ohtsuka et al., 1998 ; for reviews, see Jockusch et al., 1995; Burridge and ChrzanowskaWodnicka, 1996) .
When epithelial and endothelial cells start to migrate, the cell-cell junctions are ®rst disrupted. During migration, membrane protrusions, such as lamellipodia and ®lopodia, at the cell front, and retraction at the cell rear are externally observed, whereas dynamic reorganization of the actin cytoskeleton, such as disassembly and reassembly of stress ®bers, is internally observed (for reviews, see Huttenlocher et al., 1995; Lauenburger and Horwitz, 1996) . In cultured cells, some growth factors, such as hepatocyte growth factor/scatter factor (HGF/SF) and 12-O-tetradecanoylphorbol-13-acetate (TPA), disrupt cell-cell junctions and induce cell migration (Takaishi et al., 1995; Imamura et al., 1998 ; for review, see Stoker and Gherardi, 1991) , but their modes of action in these processes have not fully been understood.
The Rho small G protein family regulates various important cell functions, including cell adhesion and migration, through reorganization of the actin cytoskeleton (for reviews, see Hall, 1994 Hall, , 1998 . The Rho family consists of the Rho, Rac, and Cdc42 subfamilies. The Rho subfamily (Rho) consists of three members, RhoA, -B, and -C; the Rac subfamily (Rac) consists of two members, Racl and -2; and the Cdc42 subfamily (Cdc42) consists of two members, Cdc42Hs and G25K.
Several functions of the Rho family which are implicated in cell adhesion and migration have been reported. For instance, the Rho family regulates cell migration in various types of cultured cells (for reviews, see Hall, 1994 Hall, , 1998 . Rho regulates cell-matrix junction by stimulating the formation of stress ®bers in various types of cultured cells (for reviews, see Hall, 1994 Hall, , 1998 . Rho regulates the formation of cadherindependent cell-cell adhesion and tight junction in epithelial cells (Nusrat et al., 1995; . Rac regulates formation of lamellipodia and membrane ruing in various types of cultured cells (for reviews, see Hall, 1994 Hall, , 1998 . Rac regulates actin assembly at the adherens junction of the wing disc epithelium in Drosophila (Luo et al., 1994; Eaton et al., 1995) , the formation of cadherin-dependent cell-cell adhesion in MDCK cells and human keratinocytes (Braga et al., 1997; Hordijk et al., 1997; Takaishi et al., 1997; , and tight junction in MDCK cells . Cdc42 regulates the formation of ®lopodia in various types of cells (for review, see Hall, 1998) . Cdc42 also regulates cell polarity and cytokinesis in various types of cells (Adams et al., 1990; Johnson and Pringle, 1990; Eaton et al., 1995; Drechsel et al., 1996; Dutartre et al., 1996) . As to the role of Cdc42 on cell adhesion, Cdc42 regulates adhesion of helper T cells towards antigen-presenting cells (Stowers et al., 1995) . Kuroda et al. (1997) have shown that microinjection of a dominant active mutant of Cdc42 as well as of Rac rescues the inhibitory eect of Rho GDI, a GDP dissociation inhibitor of all the Rho family members (for reviews, see Hall, 1994; , on the cell-cell adhesion in MDCK cells. However, no direct evidence of Cdc42 to regulate the cell-cell adhesion in MDCK cells has been shown. As to the role of Cdc42 on cell migration, Cdc42 as well as Rac induces cell motility and invasion across transwells presumably through activation of phosphatidylinositol-3 kinase in mammary epithelial cells (Keely et al., 1997) . On the contrary, Cdc42 is essential for cell polarity, but not for cell motility in macrophage chemotaxis (Allen et al., 1998) . However, the role of Cdc42 on cell migration in MDCK cells has not been reported.
We have recently made MDCK cell lines stably expressing a dominant active mutant of RhoA, a dominant active mutant of Racl, or a dominant negative mutant of Racl, and have shown that Rho regulates stress ®ber formation whereas Rac regulates cadherin-based cell-cell adhesion as well as the formation of lamellipodia (Takaishi et al., 1997; Imamura et al., 1998) . We have moreover made MDCK cell lines stably expressing a dominant negative mutant of Rab5 or transiently expressing Rab GDI, and have shown that the Rho and Rab families coordinately regulate cell adhesion and migration (Imamura et al., 1998) . The Rab small G protein family is implicated in intracellular vesicle tracking and Rab5 is involved in endocytosis (Bucci et al., 1992; Stenmark et al., 1994; for review, see Novick and Zerial, 1997) . Rab GDI is a general regulator of all the Rab family members (for reviews, see Takai et al., 1996; Novick and Zerial; . The function of the Rab family in cell adhesion and migration may be related to endo-exocytosis of adhesion molecules such as integrins. We have also made MDCK cell lines stably expressing a dominant active or negative mutant of G25K, and have shown that no apparent change in the actin cytoskeleton is observed at cell-cell or cell-matrix junctions in these transformants (Takaishi et al., 1997) . Extending these earlier observations, we have made here MDCK cell lines stably expressing a dominant active or negative mutant of Cdc42Hs and examined their role in cell adhesion, migration, and morphology. We have also reassessed here the role of G25K in cell adhesion by co-culturing these transformants with wild-type MDCK cells.
Results

Preparation of MDCK cell lines stably expressing Cdc42Hs mutants
The pSRaneo expression plasmid, containing each of the cDNAs of myc-tagged V12Cdc42Hs (mycV12Cdc42Hs), a dominant active mutant of Cdc42Hs, or myc-tagged N17Cdc42Hs (myc-N17Cdc42Hs), a dominant negative mutant of Cdc42Hs, was transfected into MDCK cells, and cell clones were isolated by resistance to G418. Seven clones expressing mycV12Cdc42Hs (sMDCK-Cdc42HsDA) and ®ve clones expressing myc-N17Cdc42Hs (sMDCK-Cdc42HsDN) were obtained. The expression levels of mycV12Cdc42Hs and -N17Cdc42Hs varied among these clones. For further study, we chose sMDCKCdc42HsDA cell line clone 1 (sMDCK-Cdc42HsDA-1) and sMDCK-Cdc42HsDN cell line clone 9 (sMDCK-Cdc42HsDN-9), in which the expression levels of myc-V12Cdc42Hs and myc-N17Cdc42Hs were higher than those of other clones (data not shown). The expression level of myc-N17Cdc42Hs in sMDCK-Cdc42HsDN-9 cells was threefold higher than that of myc-V12Cdc42Hs in sMDCKCdc42HsDA-1 cells (Figure 1 ). We previously examined the localization of the actin cytoskeleton in MDCK cell line stably expressing myc-tagged V12G25K (myc-V12G25K) clone 2 (sMDCK-G25KDA-2) and MDCK cell line stably expressing myc-tagged N17G25K (myc-N17G25K) clone 6 (sMDCK-G25KDN-6) (Takaishi et al., 1997) . The expression levels of myc-V12Cdc42Hs in sMDCKCdc42HsDA-1 cells and myc-V12G25K in sMDCK-G25KDA-2 cells were similar and the expression levels of myc-N17Cdc42Hs in sMDCK-Cdc42HsDN-9 cells and myc-N17G25K in sMDCK-G25KDN-6 cells were also similar (data not shown). Because any antiCdc42Hs Ab or anti-G25K Ab is not currently Cdc42-regulated cell adhesion, migration and morphology A Kodama et al available, we could not compare the expression levels of Cdc42Hs and G25K mutants with those of endogenous Cdc42Hs and G25K in these cell lines, respectively.
Increased accumulation of actin ®laments at cell-cell adhesion sites by Cdc42 activation
We ®rst stained actin ®laments with rhodaminephalloidin in wild-type MDCK cells and stable transformants expressing Cdc42Hs mutants. Confocal microscopic images at the basal levels showed that stress ®bers were weakly formed in wild-type MDCK, sMDCK-Cdc42HsDA-1, and -Cdc42HsDN-9 cells to similar degrees (Figure 2a, c and e) . The stainings of actin ®laments at the cell-cell adhesion sites were weak in all the three cell lines, but it was denser in sMDCKCdc42HsDA-1 cells than those in the other cell lines, whereas they were similar in sMDCK-Cdc42HsDN-9 and wild-type MDCK cells. At the apical, junctional levels, the stainings of actin ®laments at the cell-cell adhesion sites became denser in all the three cell lines, but it was denser and thicker in sMDCK-Cdc42HsDA-1 cells than those in the other cell lines, whereas they were similar in sMDCK-Cdc42HsDN-9 and wild-type MDCK cells (Figure 2b, d and f) . We previously showed that actin ®laments accumulated more densely at the cell-cell adhesion sites in MDCK cell line stably expressing myc-tagged V12Rac1 (myc-V12Rac1) clone 1 (sMDCK-RacDA-1) than in wild-type MDCK cells, whereas they accumulated less densely in MDCK cell line stably expressing myc-tagged N17Rac1 (mycN17Rac1) clone 2 (sMDCK-RacDN-2) than in wildtype MDCK cells (Takaishi et al., 1997) . The staining of actin ®laments at the cell-cell adhesion sites in sMDCK-Cdc42HsDA-1 cells was not so thick as that in sMDCK-RacDA-1 cells (data not shown). The essentially same results were obtained when actin ®laments were stained in all the other clones stably expressing V12Cdc42Hs or N17Cdc42Hs (data not shown).
We previously showed that the staining patterns of actin ®laments in sMDCK-G25KDA-2 and -G25KDN-6 cells were similar to that in wild-type MDCK cells (Takaishi et al., 1997) . We compared more precisely the levels of accumulation of actin ®laments at the cell-cell adhesion sites in these transformants with that in wild-type MDCK cells by co-culturing these transformants with wild-type , and sMDCK-Cdc42HsDN-9 cells (e and f) were stained with rhodamine-phalloidin and analysed by confocal microscopy. (a, c and e), basal levels; (b, d and f) junctional levels. sMDCK-G25KDA-2 cells (g and h) or sMDCK-G25KDN-6 cells (i and j) together with wild-type MDCK cells were seeded on the same dishes, double-stained with rhodamine-phalloidin (g and i) and the 9E10 anti-myc mAb (h and j), and analysed by confocal microscopy at the junctional levels. The results shown are representative of three independent experiments. Bars, 10 mm MDCK cells on the same dishes. When wild-type MDCK and sMDCK-G25KDA-2 cells were cocultured on the same dish, the staining of actin ®laments at the cell-cell adhesion sites in sMDCK-G25KDA-2 cells was denser and thicker than that in wild-type MDCK cells (Figure 2g and h). The increased accumulation of actin ®laments in sMDCK-G25KDA-2 was less distinct than that in sMDCKCdc42HsDA-1 cells (Figure 2d and g ). When wild-type MDCK and sMDCK-G25KDN-6 cells were cocultured on the same dish, the staining patterns of actin ®laments at the cell-cell adhesion sites were similar in these cell lines (Figure 2i and j).
These results indicate that activation of Cdc42 increases accumulation of actin ®laments at the cellcell adhesion sites and that inactivation of Cdc42 does not aect the accumulation.
Increased accumulation of E-cadherin and b-catenin at cell-cell adhesion sites by Cdc42 activation
We previously showed that E-cadherin and b-catenin accumulated more densely at the cell-cell adhesion sites in sMDCK-RacDA-1 cells than in wild-type MDCK cells, whereas they accumulated less densely in sMDCK-RacDN-2 cells than in wild-type MDCK cells (Takaishi et al., 1997) . We next investigated the eect of Cdc42Hs and G25K on the accumulation of E-cadherin and b-catenin using stable transformants expressing Cdc42Hs and G25K mutants. The stainings of both E-cadherin and b-catenin in sMDCKCdc42HsDA-1 cells were denser and thicker than those in wild-type MDCK cells, whereas the stainings of both E-cadherin and b-catenin in sMDCKCdc42HsDN-9 cells were similar to those in wild-type MDCK cells (Figure 3a ± f). These staining patterns were essentially similar to those of actin ®laments at the cell-cell adhesion sites. The staining of E-cadherin (see Figure 4b and c) or b-catenin (data not shown) in sMDCK-Cdc42HsDA-1 cells was not so thick as that in sMDCK-RacDA-1 cells. The essentially same results were obtained when E-cadherin and b-catenin were stained in all the other clones stably expressing V12Cdc42Hs or N17Cdc42Hs (data not shown). The essentially same results were obtained when E-cadherin and b-catenin were stained in sMDCK-G25KDA-2 and -G25KDN-6 cells, although the stainings of both Ecadherin and b-catenin in sMDCK-G25KDA-2 cells were less distinct than those in sMDCK-Cdc42HsDA-1 cells (data not shown). These results indicate that activation of Cdc42 increases accumulation of not only actin ®laments but also E-cadherin and b-catenin at the cell-cell adhesion sites in MDCK cells and that inactivation of Cdc42 does not aect them.
We previously showed that the staining pattern of ZO-1 at the cell-cell adhesion sites in MDCK cell lines stably expressing myc-tagged V14RhoA (mycV14RhoA) clone 5 (sMDCK-RhoDA-5), sMDCKRacDA-1, or -RacDN-2 cells were similar to that in wild-type MDCK cells. The staining patterns of ZO-1 in sMDCK-Cdc42HsDA-1 and -Cdc42HsDN-9 cells were similar to that in wild-type MDCK cells, although the staining of ZO-1 in sMDCK-Cdc42HsDA-1 cells was slightly thicker in a part of the cell-cell adhesion sites than those in the other cell lines (Figure 3g ± i). The staining patterns of ZO-1 in sMDCK-G25KDA-2 and -G25KDN-6 cells were also similar to those in wild-type MDCK cells (data not shown). These results indicate that activation or inactivation of Cdc42 does not apparently aect the localization of ZO-1.
Inhibition of HGF/SF-and TPA-induced disruption of cell-cell adhesion by Cdc42Hs activation HGF/SF induces disruption of cell-cell adhesion, followed by cell migration in many cultured epithelial cells including MDCK cells (for review, see Stoker and Gherardi, 1991) . We previously showed that TPA also induced disruption of cell-cell adhesion, followed by cell migration in MDCK cells (Takaishi et al., 1995; Imamura et al., 1998) . We furthermore showed that TPA did not disrupt the cell-cell adhesion at least for 2 h stimulation in sMDCK-RacDA-1 cells (Imamura et al., 1998) . We next examined the eects of HGF/SF and TPA on cell-cell adhesion and cell migration of sMDCK-RacDA-1 and -Cdc42HsDA-1 cells for 16 h stimulation. Confocal microscopic analysis at the junctional levels showed that wild-type MDCK cells contacted with each other, forming colonies of the cells, and that E-cadherin was localized at the cell-cell adhesion sites (Figure 4a ). The stainings of E-cadherin in both sMDCK-RacDA-1 and -Cdc42HsDA-1 cells were denser and thicker than that in wild-type MDCK cells, although the staining in sMDCK-RacDA-1 cells was thicker than that in sMDCK-Cdc42HsDA-1 cells (Figure 4b and c) . Stimulation of wild-type MDCK cells with HGF/SF caused spreading of the cells, and the staining of E-cadherin became weaker and partially Figure 3 Localization of E-cadherin, b-catenin, and ZO-1 in sMDCK-Cdc42HsDA-1 and -Cdc42HsDN-9 cells. Wild-type MDCK cells (a, d and g), sMDCK-Cdc42HsDA-1 cells (b, e and h), and sMDCK-Cdc42HsDN-9 cells (c, f and i) were stained with the ECCD-2 anti-E-cadherin mAb (a ± c), the 5H10 anti-bcatenin mAb (d ± f), or the anti-ZO-1 mAb (g ± i), and analysed by confocal microscopy. (a ± f), junctional levels; and (g ± i), apical levels. The results shown are representative of three independent experiments. Bar, 10 mm disappeared at 4 h (Figure 4d) . At 16 h, the staining of E-cadherin at the cell-cell adhesion sites became indistinct and most cells scattered (Figure 4g ). These results are consistent with the previous observations (Ridley et al., 1995; Imamura et al., 1998) . Stimulation of sMDCK-RacDA-1 cells with HGF/SF for 16 h caused slight spreading of the cells and weaker staining of E-cadherin at the cell-cell adhesion sites (Figure 4h ). However, E-cadherin at the cell-cell adhesion sites did not disappear and the cells still contacted with each other (Figure 4h ). The essentially same results were obtained when sMDCK-Cdc42HsDA-1 cells ( Figure  4i ) and -G25KDA-2 cells (data not shown) were stimulated with HGF/SF for 16 h. These results indicate that the HGF/SF-induced disruption of Ecadherin-based cell-cell adhesion and the subsequent cell migration are inhibited by activation of Rac or Cdc42.
We previously showed that stimulation of wild-type MDCK cells with TPA caused cell spreading within 15 min followed by dissociation and scattering of the cells at 2 h (Imamura et al., 1998) . The staining of Ecadherin at the cell-cell adhesion sites became weaker and partially disappeared in wild-type MDCK cells at 2 h (Figure 4j) . At 16 h, the staining of E-cadherin at the cell-cell adhesion sites mostly disappeared and the cells scattered (Figure 4m ). Stimulation of sMDCKRacDA-1 cells with TPA for 2 h did not induce scattering of the cells (Imamura et al., 1998) , and the staining of E-cadherin at the cell-cell adhesion sites did not apparently decrease (Figure 4k) . However, the cells spread and the staining of E-cadherin at the cell-cell adhesion sites became apparently weaker and partially disappeared ( Figure 4n ) and a part of the cells scattered (data not shown) at 16 h. On the contrary, the staining of E-cadherin at the cell-cell adhesion sites did not disappear and the cells contacted with each other in both sMDCK-Cdc42HsDA-1 cells (Figure 4o ) and -G25KDA-2 cells (data not shown) even at 16 h, although the cells spread and the staining of Ecadherin at the cell-cell adhesion sites became weaker. These results indicate that the TPA-induced disruption of E-cadherin-based cell-cell adhesion and the cell migration are inhibited by either activation of Rac or Cdc42, but that the inhibitory eect of Cdc42 was stronger than that of Rac.
Stimulation of sMDCK-Cdc42HsDN-9 and -G25KDN-6 cells with HGF/SF or TPA induced the disruption of E-cadherin-based cell-cell adhesion and scattering of the cells as observed in wild-type MDCK cells (data not shown). These results indicate that either the HGF/SF-or TPA-induced disruption of Ecadherin-based cell-cell adhesion and the cell migration are not inhibited by inactivation of Cdc42.
Electron microscopic analysis on the cell-cell adhesion of sMDCK-Cdc42HsDA cells
We previously analysed the morphology of the cell-cell adhesion sites in wild-type MDCK, sMDCK-RacDA-1, and -RacDN-2 cells by electron microscopy (Takaishi et al., 1997) . Wild-type MDCK cells tightly and linearly contacted with each other at the apical area of the lateral membranes, whereas the cells loosely contacted at the other areas of the lateral membranes (Takaishi et al., 1997) . In contrast, sMDCK-RacDA-1 cells tightly contacted with each other throughout the lateral membranes and showed more markedly , and sMDCKCdc42HsDA-1 cells (c, f, i, l and o) were incubated in DME containing 10% FCS for 24 h. After the incubation, the cells were stimulated with none (a ± c), 5 ng/ml HGF/SF (d ± i), or 100 nM TPA (j ± o). The cells were ®xed at 4 h (d ± f) or 16 h (g ± i) after HGF/SF stimulation, and at 2 h (j ± l) or 16 h (m ± o) after TPA stimulation. They were stained with the ECCD-2 anti-E-cadherin mAb and analysed by confocal microscopy. Confocal images are shown at the junctional levels. The results shown are representative of three independent experiments. Bars, 10 mm Cdc42-regulated cell adhesion, migration and morphology A Kodama et al intermingled lateral membranes than wild-type MDCK cells (Takaishi et al., 1997) . The morphology of the cell-cell adhesion sites in sMDCK-RacDN-2 cells resembled that in wild-type MDCK cells (Takaishi et al., 1997) . We next performed electron microscopic analysis on the morphology of the cell-cell adhesion sites in sMDCK-Cdc42HsDA-1 cells. sMDCKCdc42HsDA-1 cells tightly contacted with each other throughout the lateral membranes ( Figure 5 ). No intercellular free spaces were observed in these cells. sMDCK-Cdc42HsDA-1 cells showed less markedly intermingled lateral membranes than sMDCK-Rac-DA-1 cells. These results suggest that activation of Cdc42 strengthens the cell-cell adhesion.
Inhibition of the TPA-induced reassembly of stress ®bers by Cdc42 activation and inactivation
We previously showed that TPA induced disassembly of stress ®bers and focal adhesions at 15 min, followed by their reassembly at 2 h and that Rho inactivation and activation were necessary for the TPA-induced disassembly and reassembly, respectively, of stress ®bers and focal adhesions (Imamura et al., 1998) . We also showed that, in both sMDCK-RacDA-1 and -RacDN-2 cells, the TPA-induced reassembly of stress ®bers and focal adhesions was inhibited whereas their disassembly was not (Imamura et al., 1998) . We investigated these eects of TPA in sMDCK-Cdc42HsDA-1 and -Cdc42HsDN-9 cells. Confocal microscopic analysis at the basal levels showed weak formation of stress ®bers which ran in parallel throughout the cells in wild-type MDCK cells (Figure 6a ). The stress ®bers mostly disappeared at 15 min, but reappeared in most cells at 2 h after the TPA stimulation (Figure 6b and c) . The newly formed stress ®bers showed radial-like morphology which was apparently dierent from the original one. These results were consistent with our earlier observations (Imamura et al., 1998) . sMDCK-Cdc42HsDA-1 and -Cdc42HsDN-9 cells also showed weak stress ®bers which ran in parallel throughout the cells without TPA stimulation and the stress ®bers mostly disappeared at 15 min after the stimulation (Figure 6d , e, g and h). However, the TPA-induced reassembly of stress ®bers was inhibited at 2 h in both the transformants, although weak stress ®bers which ran in parallel were observed in both sMDCK-Cdc42HsDA-1 and -Cdc42HsDN-9 cells (Figure 6f and i) . The TPAinduced weak formation of stress ®bers which ran in parallel was inhibited by microinjection of C3, a Clostridium botulinum ADP-ribosyltransferase, which inhibits the functions of Rho in both sMDCKCdc42HsDA-1 and -Cdc42HsDN-9 cells (data not shown), indicating that Rho activation is necessary for the TPA-induced weak formation of stress ®bers in both sMDCK-Cdc42HsDA-1 and -Cdc42HsDN-9 cells. The essentially same results were obtained when sMDCK-G25KDA-2 and -G25KDN-6 cells were stimulated with TPA (data not shown). These results indicate that both activation and inactivation of Cdc42 inhibit the TPA-induced reassembly of stress ®bers but do not inhibit their disassembly. Inhibition of the TPA-induced reassembly of stress ®bers in sMDCK-Cdc42HsDA-1 and -Cdc42HsDN-9 cells. Wildtype MDCK cells (a ± c), sMDCK-Cdc42HsDA-1 cells (d ± f), and sMDCK-Cdc42HsDN-9 cells (g ± i) were incubated in DME containing 10% FCS for 24 h. After the incubation, the cells were stimulated with none (a, d and g) or 100 nM TPA (b, c, e, f, h and i). The cells were ®xed at 15 min (b, e and h) or 2 h (c, f and i) after TPA stimulation. They were stained with rhodaminephalloidin and analysed by confocal microscopy. Confocal images are shown at the basal levels. The results shown are representative of three independent experiments. Bars, 10 mm
Rac-independent eect of Cdc42 on increased accumulation of actin ®laments at the cell-cell adhesion sites
In Swiss 3T3 cells, it has been shown that Cdc42 induces ®lopodia formation followed by membrane ruing formation through Rac activation, indicating that there is cross-talk between Cdc42 and Rac (Kozma et al., 1995; Nobes and Hall, 1995) . It is therefore possible that Cdc42 induces increased accumulation of actin ®laments at the cell-cell adhesion sites through Rac activation in MDCK cells. To examine this possibility, we microinjected the V12Cdc42Hs-expression plasmid into the nuclei of wild-type MDCK and sMDCK-RacDN-2 cells. When the plasmid was microinjected into wild-type MDCK cells, the staining of actin ®laments became slightly denser and thicker at the cell-cell adhesion sites in the V12Cdc42Hs-expressing cells (Figure 7a and b) . This eect of V12Cdc42Hs was apparently observed even when the plasmid was microinjected into sMDCKRacDN-2 cells which showed weaker actin ®laments at the cell-cell adhesion sites (Figure 7c and d) . Moreover, sMDCK-RacDN-2 cells were thinner than wild-type MDCK cells as described previously (Takaishi et al., 1997) , but the V12Cdc42Hs-expressing cells were thicker than the neighboring cells (data not shown).
We next microinjected the N17Rac1-expression plasmid into the nuclei of sMDCK-Cdc42HsDA-1 cells. The staining of the actin ®laments was indistinguishable at the cell-cell adhesion sites in N17Rac1-expressing cells from that in the neighboring cells (Figure 7e and f). These results indicate that the Cdc42-increased accumulation of actin ®laments at the cell-cell adhesion sites is not mediated by Rac activation.
Abnormal morphology of MDCK cells by Cdc42 activation
sMDCK-Cdc42HsDA-1 cells frequently showed abnormal morphology. Large multinuclear cells were observed in 5 ± 10% of the total cells. The large cells frequently enveloped one to ®ve small cells. Confocal microscopic analysis at both the junctional levels and the vertical sections showed that a single large cell seemed to envelop two small cells (Figure 8a and b) . The staining with DAPI showed that nuclei were always observed in the enveloped small cells (data not shown). The staining of E-cadherin was observed at the surface of the enveloped small cells (Figure 8c and d) . These results suggest that large cells engulfed small cells and that the E-cadherin-based cell-cell adhesion was formed between the large and small cells. The staining of E-cadherin was observed at the surface of the enveloped small cells, even when the cells were stained without solubilization of the membranes by Triton X-100 (Figure 8e and f), indicating that the small cells are not completely engulfed by the large cells. The large cells which enveloped the small cells were also observed in sMDCK-G25KDA-2 cells, but not in sMDCK-Cdc42HsDN-9, -G25KDN-6, -RacDA-1, -RacDN-2, or -RhoDA-5 cells (data not shown).
The large cells which enveloped the small cells were observed in 2 ± 3% of the total cells in both sMDCKCdc42HsDA-1 and -G25KDA-2 cells. We next examined the processes in the formation of the large cells enveloping the small cells by time-lapse video microscopy. Two cells, relatively larger and smaller cells, adhered to each other (Figure 9a and  b) . When the smaller cell was divided into two cells by cytokinesis (Figure 9c and d) , one of the divided cells was enveloped by the larger cell, whereas the other cell was not enveloped but adhered to the larger cell (Figure 9e ± l) . Moreover, the small cell enveloped by the large cell divided into two cells by cytokinesis, which were enveloped by the large cells (Figure 9m ± r) . 
Discussion
We have shown here by use of stable transformants of MDCK cells expressing the dominant active mutant of Cdc42Hs or G25K that activation of Cdc42Hs or G25K increases accumulation of both actin ®laments, E-cadherin, and b-catenin at the cell-cell adhesion sites although the increased accumulation level of these proteins at the cell-cell adhesion sites by activation of G25K is less than that by activation of Cdc42Hs. We have also shown here that activation of Cdc42Hs or G25K inhibits the HGF/SF-or TPA-induced disruption of cell-cell adhesion and the subsequent cell migration although the accumulation of E-cadherin at the cell-cell adhesion sites decreases. Moreover, we have shown here by electron microscopic analysis that activation of Cdc42 induces tightly contacted cell-cell adhesion sites throughout the lateral membranes, whereas wild-type MDCK cells tightly and linearly contacted only at the apical side of the lateral membranes. These results indicate that activation of Cdc42 induces the strengthened E-cadherin-based cellcell adhesion in MDCK cells.
We have previously shown by use of stable transformants of MDCK cells that activation of Rac1 increases accumulation of actin ®laments, Ecadherin, and b-catenin at the cell-cell adhesion sites (Takaishi et al., 1997) . We have shown here some dierences between the Rac1-induced changes of the actin cytoskeleton and the Cdc42Hs-or G25K-induced ones. The stainings of both actin ®laments, E-cadherin, and b-catenin at the cell-cell adhesion in sMDCK-Cdc42HsDA-1 and -G25KDA-2 cells are not so dense and thick as those in sMDCK-RacDA-1 cells, although the expression level of either mycV12Cdc42Hs or myc-V12G25K is apparently higher than that of myc-V12Rac1 in sMDCK-Cdc42HsDA-1, -G25KDA-2, and -RacDA-1 cells (Takaishi et al., 1997) . The E-cadherin-based cell-cell adhesion is not disrupted by either activation of Cdc42Hs or G25K for 16 h stimulation of TPA, whereas it is disrupted by activation of Rac1, although the HGF/SFinduced disruption of the E-cadherin-based cell-cell adhesion is inhibited by activation of either Cdc42Hs, G25K, or Rac1. Electron microscopic analysis revealed that the lateral membranes of sMDCK-RacDA-1 cells intermingle more markedly than those of sMDCK-Cdc42HsDA-1 cells. Moreover, we have shown here that the Cdc42Hs-increased accumulation of actin ®laments, E-cadherin, and b-catenin at the cell-cell adhesion sites is not mediated through Rac1 activation. These results suggest that the mode of action of Cdc42 in cellcell adhesion is dierent from that of Rac in MDCK cells. Dierent density and thickness of the stainings of both actin ®laments, E-cadherin, and bcatenin at the cell-cell adhesion sites by activation of Racl and Cdc42 may be due to the dierent morphology of the cell-cell adhesion sites. The stainings may be denser and thicker when the lateral membranes intermingle more markedly.
The putative target molecules of the Cdc42 subfamily have been reported. These include p65 PAK , p65 ACK , MLK2/3, MSE55, p60 S6kinase, IQGAP1/2, WASP, and N-WASP (Miki et al., 1998; for review, see Tapon and Hall, 1997) . Among them, IQGAP1 is localized at the cell-cell adhesion sites in MDCK cells (Kuroda et al., 1996) . IQGAP1 interacts with Ecadherin and b-catenin and overexpression of IQ-GAP1 reduces the activity of the E-cadherin-based cellcell adhesion in EL cells (Kuroda et al., 1998) . Coexpression of the dominant active form of Cdc42 with IQGAP1 inhibits the IQGAP1-induced reduction in the activity of the E-cadherin-based cell-cell adhesion in EL cells (Kuroda et al., 1998) , although it has not been shown that the eect of Cdc42 is due to direct interaction with IQGAP1. We have found that IQGAP1 is co-immunoprecipitated with myc-V12G25K, but not with myc-V12Rac1, when the homogenates of sMDCK-G25KDA-2 and -RacDA-1 cells are immunoprecipitated with the anti-myc Ab (unpublished data). These results suggest that IQ-GAP1/2 is a most probable target molecule in the Cdc42-regulated cell-cell adhesion in MDCK cells. However, the accumulation of IQGAP1 at the cell-cell adhesion sites does not apparently change in both sMDCK-Cdc42HsDA-1 and -Cdc42HsDN-9 cells, compared with that in wild-type MDCK cells, although it slightly decreases in sMDCKCdc42HsDA-1 cells (unpublished data). Further studies are necessary to clarify the mode of action of Cdc42 in cell-cell adhesion.
We have previously shown that the inactivation of Racl reduces the accumulation of both actin ®laments, E-cadherin, and b-catenin at the cell-cell adhesion sites. We have shown here that the inactivation of neither Cdc42Hs nor G25K apparently aects the E-cadherinbased cell-cell adhesion in MDCK cells. We have con®rmed biochemically that both N17Cdc42Hs and N17G25K have higher anity to GDP than to GTP as shown in another dominant negative mutants of small G proteins (unpublished data). The exact reason for inability of inactivation of Cdc42Hs or G25K to aect the E-cadherin-based cell-cell adhesion is not known, but some possibilities can be considered. The expression levels of either myc-N17Cdc42Hs or myc-N17G25K may not be enough to inhibit the function of endogenous Cdc42Hs and G25K under our experimental conditions. The expression of both mycN17Cdc42Hs and myc-N17G25K may be necessary to inhibit the E-cadherin based cell-cell adhesion if mycN17Cdc42Hs and myc-N17G25K inhibit the functions of Cdc42Hs and G25K, respectively. It is also possible that Cdc42 may not be involved in the E-cadherin based cell-cell adhesion under the basal conditions.
We have shown here that both sMDCK-RacDA-1 and -Cdc42HsDA-1 cells spread by HGF/SF or TPA stimulation whereas both the HGF/SF-and TPAinduced disruption of the E-cadherin-based cell-cell adhesion and the cell migration are inhibited. The precise mechanism of the cell spreading is not known, but Rac activation seems to be necessary for the cell spreading because sMDCK-RacDN-2 cells do not spread by HGF/SF or TPA stimulation (unpublished data). The HGF/SF-and TPA-induced cell spreading in sMDCK-Cdc42HsDA-1 cells may be due to endogenous Rac activation.
We have previously shown by use of stable transformants of MDCK cells that either activation or inactivation of Racl or inactivation of Rab5 inhibits the TPA-induced reassembly of stress ®bers and focal adhesions as well as disruption of cell-cell adhesion (Imamura et al., 1998) , suggesting that disruption of cell-cell adhesion is necessary for the TPA-induced reassembly of stress ®bers and focal adhesions. We have shown here that activation of either Cdc42Hs or G25K also inhibits both the TPA-induced reassembly of stress ®bers and disruption of cell-cell adhesion. The inhibitory eect of Cdc42Hs or G25K on the TPAinduced reassembly of stress ®bers may be simply due to the inhibition of disruption of cell-cell adhesion. We have also shown here that the inactivation of either Cdc42Hs or G25K inhibits the TPA-induced reassembly of stress ®bers whereas it does not inhibit the TPAinduced disruption of cell-cell adhesion, indicating that the inhibitory eect of Cdc42Hs or G25K on the TPAinduced reassembly of stress ®bers is not due to the inhibition of disruption of cell-cell adhesion. The precise mechanism of the inhibitory eect of Cdc42Hs or G25K is not known at present.
We have shown here that either activation of Cdc42Hs or G25K induces abnormal morphology in a part of MDCK cells. The multinuclear cells are frequently observed in sMDCK-Cdc42HsDA-1 and -G25KDA-2 cells. These results are consistent with the previous results obtained in HeLa cells (Dutartre et al., 1996) and indicate that either activation of Cdc42Hs or G25K aects cytokinesis. We have moreover shown here that the large multinuclear cells frequently envelop small cells in both sMDCKCdc42HsDA-1 and -G25KDA-2 cells. Video microscopic analysis has revealed that the large multinuclear cells engulf small cells during cytokinesis. The reason why either activation of Cdc42Hs or G25K induces such abnormal morphology of the cells is not known. The Cdc42-strengthened E-cadherin-based cell-cell adhesion during cytokinesis may be involved in the formation of the enveloped cells. It is also possible that some abnormality in cell polarity may be involved in the formation of the enveloped cells, because the staining of ZO-1 at the cell-cell adhesion sites between the large cells and enveloped small cells is indistinct (unpublished data).
During the preparation of this manuscript, one report appeared, suggesting that both Rac1 and Cdc42Hs induce adherens type intercellular junctions in HeLa cells (StoÈ er et al., 1998) . The expression of either V12Rac1 or V12Cdc42Hs induces the increased stainings of both actin ®laments, N-cadherin, bcatenin, and Myr3, a member of the myosin-I family, although the eects of V12Rac1 on their stainings are stronger than those of Cdc42Hs. Electron microscopic analysis has revealed that V12Rac1-expressing cells show markedly intermingled lateral membranes whereas V12Cdc42Hs-expressing cells are tightly and linearly contacted with each other at the apical area of the lateral membranes and loosely contacted at the other areas of the lateral membranes. However, they have not investigated the role of Cdc42 on cell migration. It has not been shown either that the Cdc42-regulated cadherin based cell-cell adhesion is mediated through Rac in HeLa cells. Their results are consistent with our present results except for the morphology of the cell-cell adhesion sites in V12Cdc42Hs-expressing cells. The discrepancy between their and our results seems to be due to the dierence of cell types that MDCK cells form the stable intercellular junctions whereas HeLa cells do not.
Materials and methods
Materials and chemicals
MDCK cells were supplied by Dr W Birchmeier (MaxDelbruck-Center for Molecular Medicine, Berlin, Germany). sMDCK-G25KDA-2, -G25KDN-6, -RacDA-1, and -RacDN-2 cells were established as described (Takaishi et al., 1997) . The cDNA of Cdc42Hs was obtained by PCR ampli®cation using a human brain library as a template. Mutagenesis of Gly to Val at codon 12 of Cdc42Hs (V12Cdc42Hs) and that of Thr to Asp at codon 17 of Cdc42Hs (N17Cdc42Hs) were carried out by site-directed mutagenesis. The cDNA of N17Racl, with a mutation of amino acid from Thr to Asp at codon 17, was provided by Dr A Hall (University College London, London, UK). The pSRaneo and pEF-BOS expression plasmids were donated from Dr A Miyajima (Tokyo University, Tokyo, Japan) and Dr S Nagata (Osaka University, Suita, Japan), respectively. The pCMV5 expression plasmid was donated from Dr DW Russell (University of Texas Southwestern Medical Center, Dallas, USA). TPA was obtained from Sigma Chemical Co. (St. Louis, USA). Human recombinant HGF/SF was provided by Dr T Nakamura (Osaka University, Suita, Japan). Hybridoma cells expressing the anti-myc mouse mAb (9E10) were obtained from American Type Culture Collection (Rockville, USA). The anti-E-cadherin rat mAb (ECCD-2) was obtained from TAKARA Shuzo, Inc. (Shiga, Japan). The anti-b-catenin mouse mAb (5H10) and the anti-ZO-1 mouse mAb were provided by Dr MJ Wheelock (University of Toledo, Ohio, USA) and Dr Sh. Tsukita (Kyoto University, Kyoto, Japan), respectively. Rhodamine-phalloidin was purchased from Molecular Probes, Inc. (Eugene, USA). Secondary antibodies for immuno¯uorescence microscopy were obtained from Chemicon International, Inc. (Temecula, USA). Other materials and chemicals were obtained from commercial sources.
Construction of expression plasmids of Cdc42Hs and Rac mutants
Expression vectors were constructed in pSRaneo, pEF-BOS, or pCMV5 using standard molecular biology methods. The pSRaneo-myc-tagged (pSRa-myc-) V12Cdc42Hs, pSRaneomyc-tagged (pSRa-myc-) N17Cdc42Hs, pEF-BOS-myc-tagged (pEF-BOS-myc-) V12Cdc42Hs, pCMV-HA-tagged (pCMV-HA-) V12Cdc42Hs, and pCMV-HA-tagged (pCMV-HA-) N17Racl were constructed as described (Komuro et al., 1996; Takaishi et al., 1997; Takeuchi et al., 1997) . Brie¯y, the pSRaneo plasmid was cut at the XhoI and BamHI sites, and the pEF-BOS plasmid was cut at the XbaI site, and ligated to a double-stranded oligonucleotide encoding the peptide sequence, MEQKLISEEDL, which is the epitope of the 9E10 anti-myc mAb to generate the pSRa-myc and the pEF-BOS-myc plasmids. The pCMV5 plasmid was cut at the EcoRI site, and ligated to a double-stranded oligonucleotide encoding the peptide sequence, MYPYDVPDYA, which is the epitope of the anti-HA mAb to generate the pCMV-HA plasmid. The fragment containing full length V12Cdc42Hs, N17Cdc42Hs, or N17Racl coding sequences with BamHI sites upstream of the initiation methionine codon and downstream of the termination codon was synthesized by PCR ampli®cation. These fragments were digested by BamHI and ligated into the BamHI site of the pSRa-myc, pEF-BOSmyc, and pCMV-HA plasmids.
Cell culture, transfection, and microinjection MDCK cells were maintained at 378C in a humidi®ed atmosphere of 10% CO 2 and 90% air in DME containing 10% FCS (Gibco Laboratories, Grand Island, USA), 100 U/ ml of penicillin, and 100 mg/ml of streptomycin. Stable transfection of pSRa-myc-V12Cdc42Hs or -N17Cdc42Hs was carried out using a lipofectAMINE reagent, and cell clones were isolated by resistance to G418 as described (Takaishi et al., 1997) . Wild-type MDCK cells and stable transformants of MDCK cell lines for the microinjection experiments were seeded at a density of 1610 5 cells per dish onto 35-mm grid dishes. At 24 h after seeding, pEF-BOS-myc-V12Cdc42Hs, pCMV-HA-V12Cdc42Hs, or pCMV-HA-N17Racl plasmid was microinjected into the nuclei of the cells at 0.05 mg/ml, and then returned to the incubator for 16 h before ®xation.
Immuno¯uorescence microscopy
Cells were ®xed in 3.7% paraformaldehyde in PBS for 20 min. The ®xed cells were incubated for 10 min with 50 mM ammonium chloride in PBS and permeabilized with PBS containing 0.2% Triton X-100 for 10 min. After the cells were soaked in 10% FCS/PBS for 30 min, they were treated with the ®rst antibodies in 10% FCS/PBS for 1 h. The cells were then washed with PBS three times, followed by incubation with the second antibodies in 10% FCS/PBS for 1 h. For the detection of actin ®laments, rhodaminephalloidin was mixed with the second antibody solution. For the double-staining, the second antibodies which did not cross-react with each other were chosen. After the cells were washed with PBS three times, they were examined using a LSM 410 confocal laser scanning microscope (Carl Zeiss, Oberkochen, Germany).
Electron microscopy
Cells cultured on the poly-L-lysine coated celldesk LF1 (Sumitomo Bake, Akita, Japan) were ®xed with 2.5% glutaraldehyde in PBS for 2 h, followed by post®xation with 1% OsO 4 in 0.1 M cacodylate-HCl at pH 7.4 for 1 h. The samples were dehydrated in a graded series of ethanol, embedded in Epon812, and examined using an electron microscope (model H-7100, Hitachi, Tokyo, Japan).
Time-lapse microscopy of living cells MDCK cells were seeded at a density of 3610 4 cells per dish onto 35-mm grid dishes. Since 24 h after seeding, cell video records were obtained every 30 min for a period of 18.5 h in a 3CCD video camera (model DXC-755, SONY, Tokyo, Japan), and recorded by laser video disc recorder (model LVR-3000AN, SONY, Tokyo, Japan).
